Rhizobium etli mutants unable to grow on asparagine as the nitrogen and carbon source were isolated. Two kinds of mutants were obtained: AHZ1, with very low levels of aspartase activity, and AHZ7, with low levels of asparaginase and very low levels of aspartase compared to the wild-type strain. R. etli had two asparaginases differentiated by their thermostabilities, electrophoretic mobilities, and modes of regulation. The AHZ mutants nodulated as did the wild-type strain and had nitrogenase levels similar to that of the wild-type strain.
Amino acid synthesis has been studied in various microorganisms; amino acid degradation has been less studied, despite the fact that the intracellular amino acid concentration must be the result of its synthesis and degradation. In Neurospora crassa and Rhizobium etli, it has been shown that the intracellular glutamine concentration is the result not only of the regulation of the synthesis but also of the degradation of this amino acid (4, 6-8, 15, 16, 31) . To determine if the intracellular concentrations of other amino acids are regulated in the same way as that of glutamine, we decided to study the degradation of asparagine (an amino acid very similar to glutamine, with four carbon skeletons instead of five) in R. etli, a bacterium that establishes symbiosis with Phaseolus vulgaris (39) .
In R. etli, L-asparagine can be utilized as the sole carbon and nitrogen source through the action of two enzymes (20) . The first enzyme, asparaginase (EC 3.5.1.1), catalyzes the hydrolysis of L-asparagine to L-aspartate and ammonium. The second enzyme, L-aspartase (EC 4.3.1.1), catalyzes the reversible deamination of L-aspartate to yield fumarate and ammonium. R. etli asparaginase is found to be positively regulated by its substrate asparagine and negatively regulated by the carbon source; it is not regulated by the amount of oxygen dissolved in the growth medium or by nitrogen catabolite repression, and some asparaginase activity is detected when R. etli is grown on ammonium as a nitrogen source and succinate as a carbon source (20) . Asparaginase has been studied in other gramnegative bacteria such as Escherichia coli (10, 12, 22, 24, 25, 37, 47) , Salmonella enterica (23) , Erwinia chrysanthemi (19) , and Vibrio proteus (41) and in gram-positive bacteria such as Bacillus subtilis (1, 21, 43) and Staphylococcus aureus (35, 42) .
R. etli aspartase was found to be positively regulated by asparagine, negatively regulated by the carbon source and by ammonium, and not regulated by the amount of oxygen dissolved in the growth medium (20) . L-Aspartase has been studied in other bacteria such as E. coli (25, 27, 33, 36) , B. subtilis (43) , Pseudomonas fluorescens (30, 45) , and Serratia marcescens (44) .
In this report, we describe the isolation and characterization of R. etli mutants altered in the degradation of asparagine, present evidence that R. etli has two asparaginases, and investigate the regulation of these isoenzymes. The cloning of an R. etli DNA fragment that complements the isolated mutants is also reported.
Isolation of the R. etli mutants altered in the degradation of asparagine. Mutants of R. etli wild-type strain CFN42 (39) were obtained by general Tn5 mutagenesis with plasmid pSUP5011 carrying transposon Tn5-Mob (40) . Kanamycin transconjugants were isolated on PY medium (20) containing this antibiotic and nalidixic acid. About 20,000 kanamycinresistant transconjugants were obtained and then collected on PY medium. To enrich for mutants unable to grow on asparagine as the nitrogen and carbon source, this suspension was used to inoculate a minimal medium (2) supplemented with asparagine and with 200 g of ampicillin and grown for 48 h, with a change of medium every 12 h. Then the cells were spread on PY-nalidixic acid-kanamycin plates. Approximately 3,000 colonies were replica plated to a minimal medium plate containing ammonium plus succinate, asparagine plus succinate or asparagine, and PY. Three mutants were unable to grow on asparagine as the nitrogen and carbon source and able to grow like the wild-type strain on the other media tested. These mutants were named AHZ1, AHZ4, and AHZ7. After characterization of the AHZ mutants, we found that AHZ4 and AHZ7 had the same phenotype; therefore, we describe only AHZ7 in this report.
Growth. Batch cultures of R. etli were grown as described elsewhere (20) . The nitrogen and carbon sources were used at 10 mM. AHZ1 and AHZ7 grew very poorly on asparagine as the nitrogen and carbon source, whereas on asparagine as the nitrogen source and succinate as the carbon source or in other media such as aspartate plus succinate and ammonium plus succinate, they grew as well as the wild-type strain (Fig. 1) . The AHZ1 and AHZ7 mutants also grew as well as the wild-type strain on other media such as nitrate plus succinate and glutamine or proline with or without succinate (data not shown). AHZ1 and AHZ7 grew as poorly as the wild-type strain on aspartate as the nitrogen and carbon source (Fig. 1) . These results indicate that AHZ1 and AHZ7 transport asparagine, since they grew on asparagine as the nitrogen source, and that they are not affected in the utilization of other amino acids as carbon source; therefore, the blockade is probably in the degradation of asparagine.
Asparaginase and aspartase activities. Since asparaginase and aspartase activities were high when R. etli was grown on asparagine as the nitrogen and carbon source (20) , the aspar-aginase and aspartase activities of AHZ1 and AHZ7 were examined under different nutritional conditions. Asparaginase was measured as described elsewhere (11, 15, 20) , as was aspartase (20, 45) . It was found that in comparison with the wild-type strain, AHZ1 had similar levels of asparaginase when grown on asparagine, higher levels on asparagine plus succinate, and similar levels on ammonium plus succinate and that it had very low levels of aspartase activity under the different conditions tested (Table 1 ). AHZ7 had low levels of asparaginase when grown on asparagine with or without succinate and similar levels of this enzyme on ammonium plus succinate, and it had very low levels of aspartase activity under the different conditions tested in comparison with the wild-type strain (Table 1).
Asparagine, aspartate, glutamine, and glutamate content and release of 14 
CO 2 from [U-
14 C]asparagine. Since the low aspartase or asparaginase and aspartase activities in AHZ1 and AHZ7 should result in an impairment in asparagine catabolism to aspartate and in aspartate catabolism to fumarate, we measured the intracellular asparagine and aspartate pools in these mutants under different growth conditions. The amino acids were determined as described elsewhere (5, 16) . In comparison with the wild-type strain, the AHZ1 had 2-fold-higher asparagine and 24-fold-higher aspartate content when grown on asparagine as the nitrogen and carbon source, 4-fold-higher asparagine, 132-fold-higher aspartate, and 7-fold-higher glutamate content when grown on asparagine plus succinate, and similar asparagine and aspartate content when grown on ammonium plus succinate (Table 2 ). These results indicate that the inability to grow on asparagine as the nitrogen and carbon source of AHZ1 is not due to the lack of transport of this amino acid and that the main role of R. etli aspartase is to degrade asparagine when this amino acid is utilized as the nitrogen and carbon source or as the nitrogen source.
In comparison with the wild-type strain, AHZ7 had 28-foldhigher asparagine and 14-fold-higher aspartate content when grown on asparagine as the nitrogen and carbon source, 27-fold-higher asparagine and 15-fold-higher aspartate content when grown on glutamine plus succinate, and similar asparagine and aspartate content when grown on ammonium plus succinate ( Table 2 ). AHZ7 accumulated lower amounts of aspartate than AHZ1 on asparagine with or without succinate. These results indicate that the inability to grow on asparagine as the nitrogen and carbon source of AHZ7 is not due to the lack of transport of this amino acid and that this mutant is blocked in the degradation of asparagine and aspartate. These results also indicate that AHZ7 is not totally impaired in the degradation of asparagine to aspartate. ]). Released CO 2 was absorbed in NaOH, and radioactivity was measured as described elsewhere (32) . (Table 3 ). These results indicate that asparaginase and aspartase participate in the degradation of asparagine to CO 2 on asparagine as the carbon or nitrogen source and also the participation of other pathways in asparagine degradation.
Asparaginase thermostability, electrophoretical mobility, and regulation. To analyze if the residual asparaginase activity found in AHZ7 was the result of another asparaginase isoenzyme or the result of a regulatory mutation where asparagine did not induce asparaginase, the asparaginase thermostabilities of the wild-type strain and mutant strains AHZ1 and AHZ7 were determined. In the wild-type strain, the asparaginase was thermolabile, with a half-life value of 11 min at 50ЊC showing two slopes, whereas AHZ7 was thermostable at 50ЊC (data not shown). These results suggested that R. etli grown on asparagine plus succinate had two asparaginase isoenzymes with a higher proportion of thermolabile than of thermostable asparaginase, whereas AHZ7 only had the thermostable asparaginase. We designated the thermostable asparaginase asparaginase I and the thermolabile asparaginase asparaginase II.
To obtain more evidence for the presence of two asparaginases in R. etli, we performed in situ detection of asparaginase activity in native gels of R. etli extracts as described elsewhere (5, 29) . The gels stained for asparaginase extracts from the wild-type strain grown on asparagine with and without succinate showed two bands (Fig. 2, lanes 1 and 3, respectively) ; in heated extracts, only the band that migrates faster was detected (Fig. 2, lanes 2 and 4, respectively) . Extracts from the wild-type strain grown on ammonium plus succinate showed only the band that migrates faster (Fig. 2, lane 5) ; in heated extracts, this band continued to be detected (Fig. 2, lane 6) . AHZ7 mutant extracts grown on asparagine plus succinate showed only the band that migrates faster (Fig. 2, lane 7) ; in heated extracts, this band continued to be detected (Fig. 2,  lane 8) . In control gels without asparagine, no bands were FIG. 2. In situ R. etli asparaginase activity staining in native gels. Shown are extracts from the R. etli wild-type strain grown on asparagine plus succinate, asparagine, and ammonium plus succinate without heating (lanes 1, 3, and 5, respectively) and with heating (lanes 2, 4, and 6, respectively), extracts from AHZ7 grown on asparagine plus succinate without heating (lane 7) and with heating (lane 8), and extracts from AHZ7 harboring pAHZ11 grown on asparagine plus succinate without heating (lane 9) and with heating (lane 10). The extracts were obtained from cells grown for 18 h. detected in extracts of the wild-type strain and of AHZ7 mutant with or without heating (data not shown). These results show that indeed the R. etli wild-type strain contains two asparaginases that are differentiated by their thermostabilities and electrophoretic mobilities and that AHZ7 was mutated in asparaginase II and contained only asparaginase I, which is thermostable and migrates faster than asparaginase II. These results also show that asparaginase II is positively regulated by asparagine and is not present when R. etli is grown on ammonium plus succinate and that asparaginase I appears to be constitutive.
The regulation of asparaginase I levels was further studied in the R. etli wild-type strain and in mutant strain AHZ7 by examining the influence of nutritional conditions. Asparaginase I activity was distinguished from asparaginase II activity by its different stability upon heating at 50ЊC for 30 min. The levels of asparaginase I in the wild-type strain and AHZ7 were similar [5 nmol of ammonium min Ϫ1 (mg of protein)
Ϫ1
] and were not regulated by its substrate asparagine or its products aspartate and ammonium, by the nitrogen or the carbon source, or by the amount of oxygen dissolved in the growth medium (data not shown). Thus, asparaginase I appears to be constitutive, in contrast with asparaginase II, which was positively regulated by its substrate asparagine and negatively regulated by the carbon source (data not shown).
Cloning regions of the R. etli genome that complement AHZ mutants. A cosmid bank of R. etli DNA was constructed in pLAFR1 as described elsewhere (17) in E. coli HB101 (3). The cosmid bank of R. etli DNA was mated as described elsewhere (13, 14) with mutant strains AHZ1 and AHZ7, and transconjugants capable of utilizing asparagine as the nitrogen and carbon source for growth were selected. Southern analysis performed as described elsewhere (38) showed that the DNAs in the cosmids that complemented AHZ1 and AHZ7 are homologous (results not shown). We also found that the plasmids that complement one mutant were able to complement the other.
AHZ1 harboring the pAHZ11 cosmid was able to grow on asparagine as the nitrogen and carbon source and restored aspartase activity to the same levels as in the wild-type strain (data not shown). AHZ7 harboring the pAHZ11 cosmid was also able to grow on asparagine as the nitrogen and carbon source and restored the asparaginase and aspartase activities to the levels of the wild-type strain (data not shown).
Hybridization experiments with pSUP5011 containing Tn5-Mob and restriction patterns of EcoRI-and HindIII-digested total DNA of the AHZ mutants showed that they contain a single copy of Tn5-Mob (data not shown). The HindIII hybridization fragments were different in mutant strains AHZ1 and AHZ7, indicating that Tn5-Mob was inserted in different places in these mutants (data not shown). Hybridization of an EcoRI pattern of these mutants with the pAHZ11 cosmid showed that in AHZ1, a fragment of 2.6 kb was missing and a new fragment of the same size appeared where Tn5-Mob hybridized, whereas in AHZ7, a fragment of 2.3 kb was missing and a new fragment of the same size appeared where Tn5-Mob hybridized. These results indicate that the pAHZ11 cosmid contains the DNA fragment where Tn5-Mob was inserted in the AHZ mutants and that the mutations were the result of the Tn5-Mob insertion.
In the gels stained for asparaginase, AHZ7 harboring the pAHZ11 cosmid recovered the band that migrated as R. etli asparaginase II (Fig. 2, lane 9) ; in heated extracts, only the band that migrates as asparaginase I was detected (Fig. 2, lane  10) . In the control gels without asparagine, no bands were detected (data not shown). These results indicate that the pAHZ11 contains the gene that encodes asparaginase II.
To obtain more evidence for the presence of the gene that codes for asparaginase II in pAHZ11, we performed in situ detection of asparaginase activity in native gels of Rhizobium meliloti wild-type strain 1021 with or without plasmid pAHZ11. The reason behind this was that enzyme polymorphism between R. meliloti and R. etli could allow us to detect if asparaginase II was expressed from the pAHZ11 cosmid and to discard the possibility that this plasmid carried a regulatory gene. In the gels stained for asparaginase, R. meliloti 1021 extracts showed only one band that migrated faster than R. etli asparaginases; in heated extracts, this band continued to be detected, whereas in R. meliloti 1021 harboring pAHZ11, another band that migrated to the same position as R. etli asparaginase II was detected in addition to that found in the R. meliloti 1021 extracts; in heated extracts, only the band that migrates faster was detected (data not shown). In the control gels without asparagine, no bands were detected (data not shown). The finding in R. meliloti 1021 harboring the pAHZ11 cosmid of a band that migrated as did R. etli asparaginase II indicates that we cloned the gene that codes for R. etli asparaginase II.
Our results indicate that the main role of R. etli asparaginase and aspartase is to use asparagine as a carbon source and that they also play a role in the utilization of asparagine as a nitrogen source. The lack of aspartase in the AHZ mutants on asparagine as the nitrogen source may be compensated for by aspartate transaminase, as shown by the higher glutamate content found in AHZ1 on asparagine plus succinate.
Two asparaginases, the thermostable asparaginase I and the thermolabile asparaginase II, differentiated by their thermostabilities and electrophoretic mobilities were found in R. etli. AHZ7 lacks asparaginase II but has asparaginase I. Asparaginase I is constitutive, in contrast with asparaginase II, which is positively regulated by asparagine and negatively regulated by the carbon source (20) . In contrast with asparaginase II, asparaginase I plays a minor role in the utilization of asparagine as a nitrogen or carbon source. The fact that AHZ7 grows as well as the wild type on asparagine as the nitrogen source indicates that the lack of asparaginase II is compensated for by asparaginase I. Asparaginase I is constitutive, and we found 14 CO 2 evolution from [U- 14 C]asparagine when R. etli grows on ammonium as the nitrogen source and succinate as the carbon source. This finding indicates that asparaginase I may play a role in maintaining the balance of asparagine and aspartate.
Asparaginases of different microorganisms probably play different physiological roles. E. coli asparaginase I allows this microorganism to grow on asparagine as the sole nitrogen source (9) , and it has been proposed that the role of E. coli asparaginase II is to provide fumarate as a terminal electron acceptor under conditions of anaerobic growth on a nonfermentable carbon source (22) . In Corynebacterium glutamicum, asparaginase is produced constitutively and has been proposed to play a role in converting excess asparagine to aspartic acid (29) .
It is interesting that the physiological role of aspartase is to enable R. etli to utilize asparagine as a nitrogen and carbon source and not to enable R. etli to use aspartate or glutamate as a carbon source (20) . This contrasts with B. subtilis, where aspartase is induced by aspartate and enables B. subtilis to grow on aspartate as a nitrogen and carbon source (21, 43) , and with E. coli, where aspartase participates in two metabolic processes: the regeneration of oxaloacetate as an amino acceptor for enabling growth on glutamate and the formation of fumarate and succinate during anaerobic growth on glucose (14, 28) . Kahn et al. (26) have proposed that the carbon supplied to bacteroids includes amino acids. Rastogi and Watson (34) found that an R. meliloti mutant unable to grow on aspartate as a carbon source due to a deficiency of a novel atypical aspartate aminotransferase activity does not fix nitrogen, implying that aspartate is an essential substrate for bacteroids in the nodule (46) . Considering that R. etli does not grow on aspartate as a nitrogen and carbon source and does grow on asparagine as a carbon source, and that high asparaginase and aspartase activities have been found in R. etli bacteroids (20) , we decided to determine the symbiotic phenotype of AHZ1 and AHZ7 as previously described (16, 18) . We found that AHZ1 and AHZ7 nodulated as well as the wild-type strain, that the nitrogenase levels were similar to those in the wild-type strain, and that microscopically the nodules were similar to those in the wild-type strain (data not shown). The lack of symbiotic phenotype may be due to the presence of asparaginase I and other aspartate-degrading enzymes, such as aspartate aminotransferase, that compensate for the lack of asparaginase II and aspartase activities. The facts that AHZ7 is altered in its asparaginase and aspartase activities, and that the pAHZ11 cosmid complements AHZ1 and AHZ7 suggests that asparaginase and aspartase are encoded in an operon such as has been found in B. subtilis, where asparaginase and aspartase are encoded by the ans operon (43) .
